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INTRODUCTION
Caterpillar fungi, such as Ophiocordyceps sinensis and Cordyceps militaris, have been used as dietary supplement or tonic food for more than 300 years in China, Japan, Korea and other eastern Asian countries (Yue et al. 2013) . As is known, they have numerous pharmacological and therapeutic applications as a suitable candidate for ethnopharmacological use. Among hundreds of caterpillar fungi, O. sinensis is the most precious and well-described one, which is originally used in Tibetan and the surrounding regions. Because of its scarcity and pharmaceutical value, O. sinensis is extremely expensive. Then, overharvesting of the wild strain of this fungus has occurred and made it endangered in recent years (Zhang et al. 2015a) . Therefore, many scientific institutes have begun studying the artificial cultivation of O. sinensis. However, only the artificial mycelia fermentation seems achieved, but not the fruit body cultivation or targeted artificial infection with the host.
It is urgent to find an alternative caterpillar fungus resource to meet the market demand and to reduce the pressure on natural resources. Fortunately, by using fungal systematics and molecular biology, a new species identified as the sister taxon of O. sinensis was found in 2013, namely O. xuefengensis (Wen et al. 2013a) . It has been widely used as folk tonic food or invigorant in the south of China. In our team, some positive results have been obtained since we have focused on the artificial cultivation and biometabolite production of this new species for long.
The broad pharmacological properties of Cordyceps sensu lato species are thought to be due to various active chemical constituents, including cordycepin, adenosine, polysaccharidesergosterols, proteins and amino acids (Xu et al. 2016) . Generally, nucleosides and nucleobases are believed to be the bioactive components in Cordyceps, and indeed, these compounds are involved in the regulation and modulation of various physiological processes (Fan et al. 2006) . Therefore, the determination of these compounds is important for pharmacological study and quality control of Cordyceps and related products.
To date, 3 -deoxyadenosine, an anti-cancer agent known as cordycepin, has attracted much attention because of its broadspectrum biological activity, including biological and pharmacological actions in immunological, hepatic, renal and cardiovascular system (Hardeep, Tuli and Sharma 2014) . The preclinical assessment of cordycepin and deoxycoformycin (pentostatin) on the treatment of second-stage African trypanosomiasis has been carried out (Meng et al. 2014) . However, the productivity of cordycepin from chemical synthesis or bioproduction is low, resulting in an unaffordable price for its application. Cordycepin was first isolated from the fermented broth of C. militaris and becomes its biomarker (Das et al. 2010; Masuda et al. 2014) . Nevertheless, not all Cordyceps sensu lato species are able to produce cordycepin. Some reported species, such as C. taii (Xiao et al. 2010) and Metacordyceps neogunnii (Zhu et al. 2016; Wen et al. 2017) , are characterized by polysaccharides production, with no information on cordycepin biosynthesis. Discovery of new cordycepin-producing species might give a new boost for further exploration of cordycepin bioproduction.
In this paper, we report the investigation of a new strain HACM 001 isolated from natural infected fungus-caterpillarlarvae complex, which was identified as O. xuefengensis. With this strain, we intended to infect the host caterpillar larvae by in vivo culture and to obtain mycelia and stromata from in vitro liquid or solid cultivation. In addition, the nucleosides, nucleobases and their analogs, especially cordycepin, were determined and analyzed with HPLC-DAD-Q-TOF-MS/MS technology.
MATERIAL AND METHODS

Isolation of strain from natural infected fungus-caterpillar-larvae complex
A fungus strain, named as HACM 001, was isolated from natural fungus-caterpillar-larvae complex, which was collected from the Xuefeng Mountains in Hunan Province, China, in 2014. The isolated strain was maintained in petri dishes with PDA medium and used for artificial affection and fermentation experiments.
DNA extraction, PCR, sequence alignment and phylogenetic analysis
Total genomic DNA of the isolated strain was extracted from fermented mycelia using Fungal DNA MiniKit (Omega Biotech, CA, USA) according to the brochure and the extracted DNA was stored at -20
• C. PCR amplification was conducted as described before (Wen et al. 2013b) , using primers ITS1 (5 -TCCGTAGGTGAACCTGCGG-3 ) and ITS4 (5 -TCCTCCGCTTATTGATATGC-3 ). The sequence has been submitted to GenBank and released with accession number MF375109.1. BLAST analyses were done to reveal the closest matches in GenBank for phylogenetic analysis, and datasets obtained from GenBank were aligned by MEGA6.06 using Kimura 2-parameter.
In vivo culture of caterpillar larvae with artificial infection
Caterpillar larvae of Endoclita giganodus wild type, collected from Xuefeng Mountains, were used as host for in vivo culture. The caterpillar larvae were surface-sterilized using 75% (V/V) ethanol, following exposure to ultraviolet radiation for 20 min. Then, the caterpillar larvae were injected with 0.1 mL filtrate of HACM 001 fermentation broth with syringe. Infected caterpillar larvae were incubated with soil in a transparent glass bottle at 25
• C in dark for the occurrence of infection.
In vitro fermentation of mycelia in liquid medium and cultivation of stromata in solid medium
In vitro fermentation of mycelia in liquid culture was carried out in Erlenmeyer flask at 25 • C, shaking at 130 rpm in an incubator.
In the liquid medium, there were peptone
. In vitro cultivation of stromata in solid medium was conducted in a transparent glass bottle at 25
• C in dark. The solid medium in each glass bottle contained 60 mL liquid medium mentioned above with the addition of 20 g rice and 3 g silkworm pupa powder.
Extraction of nucleosides and nucleobases from different forms of Ophiocordyceps xuefengensis
The samples of isolated fungus strain in different forms, i.e. natural infected fungus-caterpillar-larvae complex (natural complex), artificial infected fungus-caterpillar-larvae complex (artificial complex), mycelia fermented in liquid culture (fermented mycelia) and stromata cultivated on solid medium (cultivated stromata), were kept in an incubator at 60
• C overnight for drying. Then, samples were ground passing a 40-mesh screen and extracted with 15% methanol solution. The extracts were passed through 0.22 μm filter for HPLC-DAD-Q-TOF-MS/MS analysis. 
Identification of nucleosides and nucleobases by HPLC-DAD-Q-TOF-MS/MS analysis
Chromatographic analysis was carried out on an Agilent 1200 liquid chromatography system coupled with Q-TOF-MS, which was equipped with an electrospray interface (Agilent 6530, Agilent Technologies, Santa Clara, CA, USA). Methanol and formic acid water (0.1%) were used as mobile phase A and B, respectively. Solvent flow rate was 1.0 mL/min and the column (Welch AQ-C 18 column) was operated at 25
• C. The solvent gradient was used as follows: 2% A during 0-15 min and 2%-5% A during 15-30 min. Fractions were monitored at 260 nm. The condition of the ESI source was as follows: drying gas (N 2 ) flow rate, 8.0 L/min; drying gas temperature, 320 • C; sheath gas temperature, 320 • C; capillary voltage, 3.5 kV; fragmentor 110 V.
The operation and acquisition of data were controlled by Agilent Mass Hunter LC/MS Acquisition console, while the analysis of data was done by Qualitative Analysis B.05.00. Nucleosides and nucleobases were determined according to the product ion, precursor ion and retention time comparing to those of the standard compounds.
Quantitative characterization of cordycepin and adenosine
Cordycepin and adenosine were quantitatively determined with minor change as described before (Fan et al. 2006) . Standard solutions of cordycepin and adenosine at a series of appropriate concentrations were prepared for the construction of calibration curves. Standard solutions at eight concentrations were analyzed in triplicate, and then the calibration curves were constructed by plotting the extracted ion chromatograms peak area versus the concentration.
Statistical analysis
The determinations were treated in triplicate and expressed as mean ± standard deviation. Data of nucleosides and nucleobases were processed by Matlab using standardized z-scores. Differences among groups were analyzed statistically using oneway analysis of variance and Tukey's 'Honest Significant Difference' method at 95% familywise confidence level.
RESULTS AND DISCUSSION
Identification of isolated strain HACM 001
According to the significant alignments of sequences on NCBI website by blast searching, the present isolated strain HACM 001 was identified as the species Ophiocordyceps xuefengensis. 
In vivo culture of caterpillar larvae by artificial infection
The natural fungus-caterpillar-larvae complex, which possesses a plant-like stroma and originates from dead caterpillar larvae filled with mycelia, is generally called 'ChongCao' ('worm grass') in Chinese due to its insect-shaped appearance (Fig. 2A1) . O. sinensis was officially classified as an endangered species in 2012 by the Convention on International Trade in Endangered Species (Xu et al. 2016 ) because of limited wild population and overharvesting. Until now, no case of successful artificial infection to caterpillar larvae by O. sinensis is reported. In our laboratory, attempt for obtaining the alternative way of O. sinensis production has been made but no result. Fortunately, O. xuefengensis HACM 001 (Fig. 2A2) , the newly isolated sister taxon of O. sinensis, could be artificially infected to the caterpillar larvae and lead to mummification ( Fig. 2B1 and  B2 ). Their color appeared to be brown or yellowish-brown. The Ophiocordyceps xuefengensis HACM 001 strain in different forms; A1, natural fungus-caterpillar-larvae complex; A2, isolated and purified strain from natural fungus-caterpillar-larvae complex maintaining on petri dish; B1, artificial infected fungus-caterpillar-larvae complex; B2, artificial infected caterpillar larvae in vivo cultivated in glass bottle; C1, mycelia fermented in liquid culture, C2, microscopy observation of mycelia; D1, stromata cultivated on solid medium; D2, in vitro culture of stromata in glass bottle; black bar, 2 cm; white bar in C2, 10 μm.
natural fungus-caterpillar-larvae complex and the artificial infected fungus-caterpillar-larvae complex were almost the same in shape, with 1-4 stromata rising from the head or other part of the host, cylindrical, could be covered with superficial ascomata. Although some other caterpillar fungal stromata have been established from caterpillar pupae (Lian et al. 2014) , to the best of our knowledge, this is the first time to report in vivo culture of Cordyceps sensu lato species artificially infected to caterpillar larvae host leading to mummification.
In vitro fermentation of mycelia in liquid medium and cultivation of stromata on solid medium
Submerged cultivation of mycelia is becoming popular as an alternative to artificial field production. The mycelia, as shown in Fig. 2C1 , was spherical, light yellow or pale, with a diameter of 1-10 mm. Microscopy observation demonstrates that the hyphae was slender, rarely branched, with septate ( Fig. 2C2 ), in consistent to previous studies on macroscopic and microscopic characteristics of O. xuefengensis (Liu et al. 2015) . A rapid growth of O. xuefengensis HACM 001 strain was observed to complete the fermentation in liquid medium within about 2 weeks, indicating an industrial potential of mycelia fermentation in submerged culture. Stromata of O. xuefengensis HACM 001 cultivated on solid medium were detected to have several, simple or rarely branches. The stipe was fleshly, yellowish-brown to pale, clavate, 10-80 × 0.3-6 mm ( Fig. 2D1 and D2) . In vitro cultivations of stromata have been carried out for other Cordyceps sensu lato species, such as C. cicadae , C. pruinosa (Meng et al. 2014) and C. militaris (Lian et al. 2014) . Our results were similar to those of the previous reports, but no orange color was observed, which could be caused by dark cultivation in this study. Light condition could influence the synthesis of pigments, resulting in different color appearance (Dong et al. 2013a ). For instance, the content of xanthophylls, a kind of novel carotenoids, in C. militaris is significantly increased with the treatment of pink light (Dong et al. 2013b) . Further investigation of light effect on the pigment content in artificial cultures of O. xuefengensis is in progress.
Analysis of nucleosides and nucleobases in different forms of Ophiocordyceps xuefengensis
In order to compare the biometabolite composition of natural complex, artificial complex, fermented mycelia and cultivated stromata, a combined analysis was carried out using HPLC-DAD-Q-TOF-MS/MS technology, which provides a rapid and sensitive method with good linearity and precision (Liu et al. 2012) . As is shown in Table 1 , eight nucleosides and nucleobases in different forms of O. xuefengensis HACM 001 strain were simultaneous detected, i.e. cytosine, adenine, guanine, hypoxanthine, uridine, adenosine, cordycepin and guanosine, with precursor ions at m/z 112. 0508, 136.0616, 152.0563, 135.0310, 243.0667, 268.1044, 252.1090 and 284.0994 , respectively. This result is consistent with some earlier reports (Fan et al. 2006; Zhao et al. 2013) . In addition, the MS/MS spectra of adenosine and cordycepin exhibited the same fragmentation pattern corresponding to the loss of the glycosidic units and the amino parts, displaying the fragments at m/z 136 and 119 ( Fig. 3A and B) , which confirmed our previous study (Zhang et al. 2015b) . Interestingly, all these eight nucleosides and nucleobases were detected only in artificial complex (Fig. 4A) , showing that the artificial complex could be applied as commendable dietary supplement or tonic food rich in nucleosides and nucleobases. In order to compare the relative ratio of active compounds in natural complex, artificial complex, fermented mycelia and cultivated stromata, the contents of nucleosides and nucleobases in different forms of O. xuefengensis were standardized by Matlab , natural complex; b, artificial complex; c, fermented mycelia; d, cultivated stromata; e, standard compounds; compound 1, cytosine; 2, adenine; 3, guannine; 4, hypoxanthine; 5, uridine; 6, adenosine; 7, cordycepin;8, guanosine. using standardized z-scores (Fig. 4B) . Natural complex contained more cytosine, while artificial complex contained more adenine, guannine and hypoxanthine. There were more uridine, adenosine, cordycepin and guanosine in fermented mycelia and cultivated stromata. These results are in accordance with previous study that uridine, adenosine and guanosine are at higher level in cultured C. sinensis than that in natural C. sinensis (Fan et al. 2006; Yang and Li 2008) . Therefore, in vitro cultivation of O. xuefengensis HACM 001 could be more suitable for producing some targeted metabolites.
Quantitation of cordycepin and adenosine in different forms of Ophiocordyceps xuefengensis
Cordycepin plays a particularly important role in pharmacological properties, and it was detected in all forms of O.
xuefengensis HACM 001 strain with different contents (Fig. 5) . Natural complex and artificial complex showed a relative low cordycepin content, which could be due to the fact that the part of caterpillar larvae contributes little to cordycepin content. Stromata cultivated on solid medium had the highest cordycepin content, significantly higher than that in fermented mycelia, natural complex and artificial complex (P < 0.05). Especially, the cordycepin content in cultivated stromata was 4.7 times higher than that in artificial complex. The cordycepin content produced by O. xuefengensis HACM 001 was lower than the model strain C. militaris (Wen et al. 2013a ), but could be a progress in front of traditional O. sinensis, which only biosynthesized cordycepin at trace level with the value beyond the test limit and cannot be determined accurately (Dong and Yao 2010) . It needs to be noted that the cordycepin contents in this study were only the preliminary data, but not the optimized results. Further optimization of culture conditions for cordycepin production by O. xuefengensis HACM 001 strain will be continued. Bioproduction of cordycepin is a promising process for industry application. However, among more than 500 reported entomopathogenic fungi, it seems only a few natural caterpillar fungal species could produce cordycepin. Cordyceps militaris and its mutant strain are well known to produce cordycepin (Das et al. 2010; Masuda et al. 2014) . Aspergillus nidulans was also known to produce cordycepin 40 years ago (Kaczka et al. 1964; Kodama et al. 1979 ), but few works have been published after. In recent years, some new species, such as C. cicadae and C. pruinosa (Meng et al. 2014) , have also been isolated and characterized to produce cordycepin. Our results are the first record of cordycepin production by the new species O. xuefengensis HACM 001 in all the forms, including natural infected fungus-caterpillar-larvae complex, artificial infected fungus-caterpillar-larvae complex, mycelia fermented from liquid culture and stromata cultivated from solid medium.
Adenosine has been used as the biomarker for quality control of O. sinensis, and the content higher than 100 μg/g is required in Chinese Pharmacopoeia (2015) . The content of adenosine in O. xuefengensis HACM 001 was higher than 200 μg/g (Fig. 5) . Moreover, in fermented mycelia and cultivated stromata, adenosine content reached 1155 and 1470 μg/g, respectively, similar to another cordycepin-rich producer, C. cicada with adenosine content of 1421.45 μg/g . Adenosine is also regarded as the precursor of cordycepin biosynthesis (Xiang et al. 2014) , so higher content of adenosine means bigger possibility of cordycepin production. Then, from this perspective, O. xuefengensis could be a potential candidate as a new cordycepin producer.
CONCLUSION
The model species Cordyceps militaris has been investigated for more than 30 years to produce cordycepin for industry application, but it seems not achieved yet. Then, it is meaningful to discover new cordycepin-producing fungus for comprehensive understanding and further exploration of cordycepin bioproduction. The newly isolated strain O. xuefengensis HACM 001 demonstrated the potential of artificial infection to caterpillar larvae leading to mummification, as well as fermentation mycelia in liquid culture and cultivation stromata on solid medium. Cordycepin was detected in present O. xuefengensis strain, especially in the fermented mycelia and cultivated stromata with a relative high content. Then, O. xuefengensis might be an alternative source for obtaining artificial fungus-caterpillarlarvae complex and for producing cordycepin.
